The effects of the 4f 2 5d configuration on the intraconfigurational 4f 3 ↔ 4f 3 electric dipole transitions of Nd 3+ doped YPO 4 are taken into account by a 'direct' calculation. A simple model is applied to analyze the opposite-parity 4f 2 5d configuration admixing into 4f 3 transitional states. The matrix elements of the odd-rank crystal-field interaction and the interconfigurational electric dipole transition are directly expressed using a standard tensor operator method. A set of selection rules for f-d mixing and f-f electric dipole transitions is built up. The admixture effect is considered including both explicit 4f 2 5d configuration and other opposite-parity states such as the 4f 2 n g configuration which is treated by a closure procedure. Using this calculation method in combination with the experimental data from the absorption spectrum, a set of intensity parameters is obtained. The transition intensities originating from the high-lying 2 G 9/2 (2) level to the lower energy levels are then calculated, demonstrating a good agreement with the experimental results. The new calculation method is suitable for the electric dipole transitions within the 4f N configurations of trivalent lanthanide ions with more than two f-electrons.
Introduction
In the past few decades the traditional Judd-Ofelt theory [1, 2] has been widely used to analyze the optical transition properties within the 4f N configuration of rare-earth ions by considering admixture of the opposite-parity configuration into the 4f N configuration. It has succeeded in treating 4f N ↔ 4f N (f-f) electric dipole transitions between the lowlying states of rare-earth ions [3, 4] . However, due to the closure procedure in the Judd-Ofelt theory, discrepancies are 5 Author to whom any correspondence should be addressed.
observed when the theory is applied to the high-lying energy levels of 4f N excited states [5] . Several modifications of the traditional Judd-Ofelt theory have been made because of lack of knowledge about the opposite-parity configurations [6] [7] [8] [9] , which are generally considered as 4f N −1 5d and 4f N −1 n g.
The 4f
N −1 5d configuration is regarded as the dominant configuration mixing with the f-f electric dipole transitional states. The position of the lowest 4f N −1 5d state of rareearth ions in hundreds of materials has been summarized by Dorenbos [10] [11] [12] . A theoretical model to calculate the energy of 4f N −1 5d states has also been established by Reid [13] . Research on the characteristics of 4f N −1 5d
configuration made it possible to understand the explicit effects of 4f N −1 5d configuration on 4f N ↔ 4f N transitions, performed in Pr 3+ with only two f-electrons [14] . For trivalent rareearth ions with more the two f-electrons it is difficult to distinguish the 4f N −1 5d eigenstates. Consequently, a concise method for the calculation of 4f N ↔ 4f N electric dipole transitions is required to deal with the 4f N −1 5d oppositeparity configurations. Meanwhile, a simple and intuitive basic functional form of the 4f N −1 5d configuration is also needed. Recently Duan et al [15] and Duan and Reid [16] developed a simple model for trivalent lanthanide ions with more than two f-electrons, based on the idea of Yanase [17] [18] [19] . A clear description of the 4f N −1 5d → 4f N emission spectrum can be obtained by considering the main interactions in the 4f N −1 5d configuration [20] [21] [22] .
In this paper a simple model is adopted to deal with the opposite-parity states which can mix with the f-f transitional states. Explicit f-d mixing wavefunctions are included to treat the f-f transition intensities in Nd 3+ doped YPO 4 (YPO 4 :Nd 3+ ) using direct tensor operator calculation, and the dimensionless intensity parameters T kq are introduced in the electric dipole transition intensity calculation. The oppositeparity configuration of 4f 2 n g is treated by a closure procedure. The expression for the matrix element of an induced electric dipole transition between J -multiplets is given by Judd [1] . Furthermore, the intensity parameters have been developed to treat the transitions between the crystal-field levels, and a parameterization scheme based on the A kq (k, λ) parameter set has been introduced by Axe [23] . A more general parameter set was proposed by Reid and Richardson A λ t p [24] , showing more information about the crystalline symmetry and the lanthanide-ligand interaction. The intensity parametersÃ λ kq are introduced here to treat the f-g mixing. The rare-earth ions are believed to substitute in the Y 3+ site with the point group symmetry of D 2d [25] . A set of intensity parameters are introduced, including the explicit 4f 2 5d configuration admixing terms T kq (T 32 , T 52 ), and other opposite-parity configuration admixing effectsÃ ). The experimental data collected from absorption spectra are taken from [26] . The values of the parameters T kq andÃ λ kq are obtained by minimizing the least-squares deviation [27] . In addition, the UV emissions originating from 2 G 9/2 (2) in YPO 4 :Nd 3+ was detected and corrected by the method of Wegh et al [28] to obtain the data for the transition intensities. Finally, the calculated results are compared with the values obtained by both traditional Judd-Ofelt theory and experimental measurements.
Calculation

4f N−1 5d contribution to f-f electric dipole transitions
The odd crystal field mixes both the initial ϕ i and final ϕ f transitional states of the 4f N configuration with parity-opposite 4f N −1 5d states ϕ i and ϕ f , respectively. The nonzero matrix element of the electric dipole operator between the initial and final states within the 4f N configuration is
where E(ϕ i ) and E(ϕ f ) are the energies of the initial and the final states of 4f N , respectively; E(ϕ i ) and E(ϕ f ) stand for the energies of the 4f N −1 5d states that are able to mix with the initial and the final 4f N states, respectively. H CF is the odd-rank crystal-field interaction Hamiltonian and can be written as
where A kq is the odd-rank crystal-field coefficient;r k j is the position vector of electron j ; andĈ k q ( j ) is the irreducible tensor operator of rank k containing the angular coordinates of electron j . The values of k and q are determined by site symmetry.
The electric dipole operatorD 1 p , which dominates the relevant transition, is expressed aŝ
The values of p depend on the standard polarization of incident light: 0 for π and ±1 for σ . The direct calculation of the electric dipole transitions within the 4f N configuration is based on equation (1) . The opposite-parity components are treated as a degenerate energy level by the Judd-Ofelt theory because their energy positions are generally not well known. However, not all the oppositeparity components can mix with the 4f N transitional states. The opposite-parity states which are responsible for the admixture will be determined by the nonzero condition of the matrix elements in equation (1) and their position can be confirmed by the energy-level calculation. The appearance of the vacuum ultraviolet beamline makes experimental evidence available. The corresponding 4f N −1 5d configuration calculation model was established by Reid [14] . A simple model for calculating the 4f N −1 5d configuration was proposed later by Duan [15] . In our calculations, established 4f N atomic and crystalfield parameters [25] are used to treat the 4f N energy levels [29] . The 4f N −1 5d energy levels are calculated using Duan's simple model and have been discussed in detail in [30] and [31] . The main interactions are considered, including Coulomb interaction within the 4f electrons, crystalfield interaction within the 5d electrons, Coulomb interaction between the 4f and 5d electrons, and spin-orbit interactions within the 4f electrons. The 4f
and the relevant eigenvalues are expressed as
The notation |ϕ in equation (1) N states are due to a two-body interaction, and the corresponding operator matrix element can be expressed as
is replaced by E(|[(4f
where the three C-G (Clebsch-Gordan) coefficients can be replaced by the 3-j and 6-j symbols
where (· · ·) and {· · ·} are 3-j and 6-j symbols, respectively, and
. . .. The matrix elements of the irreducible tensor operator between the states 4f N and 4f N −1 5d, which relate to the odd-rank crystal-field interaction, can be treated in the same way as
The first part of equation (1) becomes
Equation (8) describes the transitions between the initial 4f N states and the 4f N −1 5d states that are able to mix with the final 4f N states. According to the f-f electric dipole transition mechanism, the 4f N −1 5d states, which can mix with the initial 4f N states, are also the components that will transfer to the final 4f N states, and an analogous calculation should be done for the second part of equation (1).
The single-particle tensor matrix elements fm f |Ĉ
(1) (5) and (6) will then be calculated using the following equation
A parametric expression of explicit effects of the 4f N −1 5d configuration on the 4f N intraconfigurational electric dipole transition matrix element is given as
where the b
is the mathematical factor which contains information on the f-d mixing states and the energy denominator, and b (k) q is expressed by standard tensor operator method The dimensionless intensity parameter T kq is
where r and r k denote the radial integral between the f-d configurations and can be calculated using the Hartree-Fock method [33, 34] . The odd-rank crystal-field parameter A kq is obtained from a lattice sum calculation. In this paper they will be treated together as the intensity parameters T kq and their values obtained by minimizing the least-squares deviation [27] between the calculated and experimental data.
Other opposite-parity contributions to the f-f electric dipole transitions
The opposite-parity configurations of the type 4f N −1 n g remain to be considered. The closure procedure over all n seems valid due to their comparative proximity to the ionizing limit. An expression about the matrix element of an induced electric dipole transition between two crystal-field levels is introduced to deal with the admixing contribution of the opposite-parity states which lie far above the 4f TheÃ λ kq parameters are in the expression to distinguish the traditional A λ t p , which includes the contribution of all opposite-parity states. The correlative intensity parametersÃ λ kq will be derived together with T kq by minimizing the error between the experimental and calculated data through the least-squares deviation. Finally, transition intensities between any two 4f N levels will be obtained.
Calculation of intensities
A set of general formulas is given in this section to make the physical quantities clear. The electric dipole (ED) and magnetic dipole (MD) strength between the crystal-field levels are
where e is the elementary charge; m e is the electron mass; h is Planck's constant; c is the speed of light. i |D (1) p | f is given by equations (10) and (13) in the present paper. The dipole strength between J -multiplies S ED/MD p (ϕ J, ϕ J ) is summed over all the dipole strengths between the crystal-field levels.
The electric dipole strengths between the J -multipliers in Judd-Ofelt theory is expressed as
The oscillator strength f
where ν is the frequency at the absorption maximum and
or χ MD = n is the Lorentz local field correction factor for absorption. The total oscillator strength is the summation of the electric dipole and magnetic dipole oscillator strengths,
In this paper, the oscillator strength is used to deal with the absorption spectrum. The intensity parameters are fitted according to the calculated results and the experimental data, which are taken from [26] . ϕ J and ϕ J in f (ϕ J, ϕ J ) denote 4 I 9/2 and other high-lying states in YPO 4 :Nd 3+ , respectively.
The transition probability A
where
and χ MD = n 3 for emission. The total transition probability is the summation of the electric dipole and magnetic dipole transition probabilities,
In this paper relative transition intensities are introduced to treat the emission spectrum originating from 2 G 9/2 (2), which is from [28] . ϕ J and ϕ J in A(ϕ J, ϕ J ) denote 2 G 9/2 (2) and other low-lying states in YPO 4 :Nd 3+ , respectively. The relative transition intensities are calculated by normalizing the transition probability from 2 G 9/2 (2) to 2 H 9/2 (1) and the corresponding expression is
The root-mean-square deviation
where S calc(i) and S meas(i) are the calculated results and experimental measurements of the initial state to the final state i . 
Results and discussion
Calculation for the 4f 3 ↔ 4f 3 transitions in YPO 4 :Nd 3+ is performed with the following steps. Firstly, the 4f 2 5d admixing states with the 4f 3 transitional states are determined. The energy levels of the 4f 3 states are calculated using the f-shell programs and the levels of 4f 2 5d states using equation (4) as listed in table 1. The parameters used for the energy-level calculation are obtained from [25] . For ground state 4 I 9/2 absorption, according to the nonzero conditions of the FPC, both initial and final mixing states of the 4f 2 5d configuration come from the terms [( 3 F) (11), the values of J can be determined. For example, in the transition of 4 I 9/2 → 4 F 3/2 , the following triangular relations, (3, J , 3/2) and (3, J , 9/2), can be gained; thus the 4f 2 5d states which are able to mix with the initial 4 . Similar analysis will be done for any 4f 3 transitional states. Secondly, the intensity parameters are fitted according to experimental absorption data from [26] , which are listed in the fifth column of table 2. In general, the experimental measurements contain both induced electric dipole and magnetic dipole transitions and the corresponding dipole strengths are calculated using equations (14) and (15) . Because the absorption spectra of neodymium oscillator strengths in [26] were obtained at room temperature, the occupations of Stark levels within the 4 I 9/2 ground state satisfy the Boltzmann distribution [35] . The total dipole strengths for the transitions between J multiplets are obtained through summing over all the dipole strengths between crystal-field Stark levels. The intensity parameters should be fitted by minimizing the least-squares deviation between the experimental data and the calculated oscillator strengths in equation (18) . In D 2d symmetry, the electric dipole intensity parameters T 32 , T 52 , A The small σ rms proves that the fitting intensity parameters are reasonable. Furthermore, this calculation method is used to treat the emission spectrum from the high-lying 2 G 9/2 (2) level. Finally, the fitted values of the intensity parameters are used to calculate the transition intensities originating from the 2 G 9/2 (2) level. The emission spectrum of Nd 3+ -doped YPO 4 in the range from 200 to 700 nm has been reported by Wegh et al [28] . The absorption from the 4 I 9/2 ground state to the high-lying 2 G 9/2 (2) level is very weak, so it is difficult to detect the emission from 2 G 9/2 (2) by directly exciting the level. Both the f-d emission and the 2 G 9/2 (2) emission are observed upon f-d excitation in the system. There are four primary emission bands from the lowest 4f 2 5d state to the 4f 3 transitional states, assigned to 4 I j , 4 F j , 4 G j , and 4 D j , respectively [25] . There is a large spectral overlap between the f-d emissions and the 2 G 9/2 (2) emissions. The calculated results of the 2 G 9/2 (2) emission intensities in this work compared with Judd-Ofelt theory treatments and experimental data are listed in table 3. The experimental data are cited from the 2 G 9/2 (2) emission spectrum [28] , and the transition intensities are relative values in equation (21) . For comparison with the results of the theoretical calculation, the intensity from 2 G 9/2 (2) to 2 H 9/2 (1) is evaluated as unity because there is no overlapping at that emission wavelength. Since the transition largely overlaps with the emissions from the 4f 2 5d state to the 4 G j and 4 D j levels, the experimental intensities originating from 2 G 9/2 (2) in the spectral range 275-400 nm are much greater. The remaining experimental intensities in the spectral range 400-700 nm reveal better coherence with our calculated results than with Judd-Ofelt theory. The better agreement of relative intensities allows us to predict the transitions in the spectral range from 275 to 400 nm, thus the transitional component at a certain wavelength can be distinguished.
According to σ rms in equation (22) , much better agreement between the experimental data and our calculations is observed for the intensities originating from high-lying 4f 3 energy levels, as shown in table 3. It is noted that the calculated intensities in this work are only for the J -J transitional states. Intensity calculations for the transitions between the crystal-field states are under way.
Conclusions
In summary, a new calculation method has been introduced for the electric dipole transitions within the 4f N configurations of trivalent lanthanide ions with more than two f-electrons. The simple model is used to deal with the opposite-parity 4f N −1 5d configuration. A series of tensor matrix elements are calculated with the aim of giving an expression for ff intensity. Satisfying results have been obtained in the YPO 4 :Nd 3+ system. A set of new selection rules are applied to determine the 4f 2 5d components, which are able to mix with 4f 3 transitional states in D 2d symmetry. Both effects including explicit 4f 2 5d and traditional 4f 2 n g using the closure procedure treatment on the f-f electric dipole transitions are taken into account and a set of parameters are obtained by the least-squares fitting method. The fitted parameters can be used to calculate any intraconfigurational f-f transitions. Compared with the traditional Judd-Ofelt theory, the current method with the fitted parameters gives better agreement with experimental observation. It shows an effective method for calculating neodymium oscillator strengths and further work will be done for other rare-earth ions.
